Human immunodeficiency virus type 1 (HIV-1)-infected individuals develop a genetically diverse virus population over time, but often only a limited number of viral variants are transmitted from a chronic carrier to a newly infected person. Interestingly, many women but few men are infected by multiple HIV-1 variants from a single partner. To determine whether the complexity of the infecting virus population influences clinical outcome, we examined viral diversity in the HIV-1 envelope sequences present at primary infection in 156 women from Kenya for whom we had follow-up data on viral RNA levels and CD4 T-cell counts. Eighty-nine women had multiple viral genotypes, while 67 women had a single genotype at primary infection. Women who acquired multiple viral genotypes had a significantly higher viral load (median, 4.84 versus 4.64 log 10 copies/ ml, P ‫؍‬ 0.04) and a significantly lower CD4
The human immunodeficiency virus type 1 (HIV-1) genome evolves during the course of an infection, especially the envelope gene, which encodes the antigenic surface glycoprotein used for viral entry (25) . The envelope gene may vary in sequence by as much as 10% among the viral quasispecies present within a single individual (4) . Interestingly, newly infected subjects typically acquire only a limited number of these viral genomes from the chronically infected index case. In fact, men and infants have generally been found to have a genetically homogeneous envelope gene at or near the time of their infection regardless of the route of transmission (33, 34, 38, 39) . Our group and others showed that women from Africa were often infected with heterogeneous envelope genotypes early in infection (12, 15, 28) . In the first 32 women examined in our previous studies, 20 had multiple variants at primary infection. These variants often differed by more than 5% in the envelope gene and constituted more than 10% of the HIV-1 population. Phylogenetic studies showed that the variants within each woman clustered together, and therefore they were highly likely to have been acquired from a single source. This finding strongly suggests that diversity at this early stage of infection was not due to superinfection by viruses from a second sex partner (15, 28) . In addition, it was quite unlikely that the observed viral diversity was due to rapid mutation of a single virus after transmission because the same variants could be readily detected both before and after seroconversion (15) .
It is unknown whether the complexity of the infecting HIV-1 population affects the level of virus replication in the host and the subsequent course of disease. The steady-state level of viral replication, often called the viral set point, is generally established about 4 months postinfection, after the host has responded to the primary infection (13, 31) . This viral set point and the decline in CD4 ϩ -T-lymphocyte counts over time provide surrogate markers for HIV-1 disease progression (10, 23) . While there have been several studies that have examined the difference in viral evolution in fast and slow progressors (5, 8, 9, 17-19, 21, 22, 30, 35) , there are no published studies that have prospectively examined the relationship between the genetic diversity of the infecting virus population and subsequent disease progression. Thus, the role that the genetic complexity of the transmitted virus plays in determining the steady-state levels of HIV-1 replication and disease outcome is not known.
We studied antiretroviral drug-naive female sex workers in Kenya who were followed prospectively before and after HIV-1 seroconversion. This cohort has been described previously in detail (20) . Briefly, HIV-1-seronegative women were monitored approximately every month for HIV-1 seroconversion. Stored plasma samples from the two visits prior to seroconversion were then tested for HIV-1 RNA with the GenProbe quantitative HIV-1 assay, which is sensitive to the subtypes found in Kenya (7) . A time of infection was assigned to each subject on the basis of results of both HIV-1 serologic and RNA tests. For subjects who tested positive for HIV-1 RNA prior to seroconversion, the date of infection was estimated to be 17 days earlier than the visit at which HIV-1 RNA was detected (2) . For women who were negative for HIV-1 RNA prior to seroconversion, the day of infection was estimated to be the midpoint between the seroconversion visit and the previous visit. Women positive for HIV-1 RNA prior to seroconversion or with less than 1 year between the last HIV-1 negative serology result and the first HIV-1 antibody-positive test result were selected for inclusion in the study. Women from whom no peripheral blood mononuclear cell (PBMC) sample was available within 1 year after the estimated date of infection were excluded.
To examine viral diversity, proviral DNA was isolated from PBMC samples by QIAamp DNA Blood Midi Kit (Qiagen, Valencia, Calif.). To ensure that all of the major infecting HIV-1 variants were present in the subsequent PCRs, the number of HIV-1 proviral copies in the PBMC sample was first determined . The mean and standard deviation of the cycle count at which the detection threshold was achieved was calculated for each quantitative standard from at least six independent experiments. Each subsequent real-time quantitative PCR run was verified by ensuring that the cycle counts for the standards were within the estimated range and by showing that 1, 10, and 100 HIV-1 proviral copies of the ACH-2 cell line (3), a T-cell clone latently infected with HIV-1, were accurately quantified every time. All subject samples were tested in duplicate, and the average of the two results was used to estimate the proviral copy number. If the two results were not within threefold of each other, the samples were retested. If no signal was detected by either real-time method, then limiting dilution was used to estimate the number of viral genomes. After determining the number of HIV-1 copies, the envelope gene fragment encompassing variable regions V1 through V5 or V3 was amplified through nested PCR from at least 10 proviral genomes each in two independent PCRs (26, 28) . The amplified product from the two independent PCRs was analyzed individually and in combination by the heteroduplex mobility assay (HMA), an electrophoresis-based method that discriminates between heteroduplexes and homoduplexes (6) . The virus population was classified as heterogeneous if a heteroduplex was observed in the HMA of the mixture of the two PCRs.
In earlier studies of this cohort, diversity in the envelope gene of 32 women was evaluated by using multiple independent PCRs either by analyzing cloned sequences (28) or by HMA (15) . In order to examine a larger sample of women, we tested whether viral diversity could be accurately defined by HMA with fewer PCRs. In 19 subjects examined, we found that analyzing the envelope gene from a minimum of 20 HIV-1 genomes, amplified in two independent PCRs, yielded the same results as those obtained from earlier methods. Repeated analysis of the same sample yielded reproducible results (data not shown). In nine samples where multiple envelope genotypes were previously documented, heteroduplexes were observed in the HMA of the combination of the products from the two PCRs. In fact, heteroduplexes were observed in the HMA of the products from each individual PCR in eight of these nine samples.
To further validate that HMA of the products of PCRs from 10 to 100 input templates provides an accurate assessment of viral diversity, we analyzed the PCR product from a range of input templates and a mixture of 10 independent PCR products from one input proviral copy (Fig. 1) . Four samples previously classified as heterogeneous (Q03, Q32, Q83, and Q90) displayed heteroduplexes in all cases except in those products from PCRs of one input template copy, as would be expected.
FIG. 1. Representative HMAs of a 1.2-kb envelope fragment amplified in PCRs starting with different amounts of proviral templates from
PBMCs from eight subjects. The designations represent the different subjects; Q03, Q32, Q83, and Q90 were classified as heterogeneous, and Q34, Q74, Q84, and Q96 were classified as homogeneous virus populations with a combination of two PCRs starting with approximately 10 proviral copies. For each subject, the first three lanes of product are from PCRs with 100, 10, and 1 proviral copies as determined by real-time quantitative PCR, respectively. The number of proviral copies added to the PCR is indicated above each lane. Twenty-four to 36 independent PCRs from one input template were performed for each subject, and the last lane (Mix) contains a mixture of 10 of these PCRs that yielded a positive result.
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For the four individuals previously determined to have a homogeneous virus population (Q34, Q74, Q84, and Q96), no heteroduplexes were detected in the HMA of products from PCRs that had 10 and 100 proviral copies (Fig. 1) . Similar results were obtained with products from PCRs starting with one proviral template, although in some cases, such as Q84, a smear was observed above the homoduplex. This tended to be detected in cases in which there was more PCR product (e.g., Q84, Q96, and Q90 HMA of the one-copy PCRs). These cases with smearing above the homoduplex were classified as homogeneous if there was no discernible distinct heteroduplex band above them in the gel. Consistent with this interpretation, only a single genotype was detected in the sample from Q84 when the sequences from 18 clones from six independent PCRs were analyzed (28) . This contrasts with Q03, where we observed distinct heteroduplex bands in the gel and therefore categorized her virus as heterogeneous; for Q03, the results of the HMA were also consistent with the results of previous sequence analysis (28) . The qualitative assignment of viral diversity with HMA and detailed sequence analysis produced consistent results in our previous studies (15, 16, 28) , and this was further confirmed in five cases with HMA results from the products of two PCRs starting with 10 to 100 template copies and sequence analysis of multiple envelope clones from independent PCRs. While the HMA is not meant to be a perfect replacement for detailed sequence analyses, in part because insertions and deletions may cause heteroduplexes even if the sequences are otherwise identical (15) , these pilot studies on a fraction of the cohort suggest that it provides a reliable highthroughput screen to analyze diversity in a larger cohort. Importantly, the investigator interpreting the HMA did not have access to clinical data and the investigator analyzing the data did not have input into the interpretation of the HMA. We have qualitatively described viral diversity in an additional 124 women by this protocol and found that 69 (56%) had viral heterogeneity and 55 (44%) had viral homogeneity at primary infection. The number of input proviral copies for each PCR analyzed on the HMA was not significantly different between the subjects with a heterogeneous virus (median, 30; range, 10 to 100) compared to the women with a homogeneous virus (median, 20; range, 10 to 100, P ϭ 0.6, Mann-Whitney U test). This, further, suggests that the observed differences in diversity are not due to sampling differences. Combining the women analyzed here and the results from our previous studies (15, 28) , 89 (57%) of 156 women had a heterogeneous virus population while 67 (43%) of the 156 had viral homogeneity at or near the time of their infection. Of the 156 women in this cohort, 62 tested positive for HIV-1 RNA prior to seroconversion. In the other 94 women, HIV-1 seroconversion was documented within a median of 89 days (range, 28 to 348) from their last seronegative visit. The proportion of women in whom HIV-1 RNA was detected prior to seroconversion and those that were HIV-1 RNA negative prior to seroconversion was not significantly different between the two groups (P ϭ 0.6). For the entire cohort, the median interval from the estimated infection date to the day of collection of the PBMC sample assayed for viral diversity was 71 days (range, 14 to 352). For women who lacked preseroconversion HIV-1 RNA, the median interval of time from the last HIV-1 seronegativity date to the day on which the PBMC sample used for the diversity analysis was collected was 124 days (range, 28 to 356).
After HIV-1 infection, the HIV-1 RNA level in plasma was measured a median of six different times (range, 1 to 26) over a median of 907 days (range, 14 to 2,933) of follow-up. Women with a heterogeneous virus had significantly higher viral RNA levels at the time that viral diversity was assessed during acute infection than did women with a homogeneous envelope genotype (median, 5.11 versus 4.63 log 10 copies/ml, P ϭ 0.003; Mann-Whitney U test). To examine whether this difference persisted after primary infection, when the viral set point was established, we examined viral diversity in relation to HIV-1 RNA levels in plasma at 4 to 24 months postinfection. The median of the first HIV-1 RNA level in plasma, measured 4 to 24 months after infection, was significantly higher in women infected with multiple envelope genotypes than in women infected with a single genotype (median, 4.84 versus 4.64 log 10 copies/ml, P ϭ 0.04; Fig. 2A ). The interval from the estimated infection date to the viral load measurement day was not significantly different in the two groups (median, 174 versus 201 days; P ϭ 0.2, Mann-Whitney U test).
FIG. 2. Box plots of the first viral load (A) and absolute CD4
ϩ -T-cell count (B) measured 4 to 24 months after infection comparing women infected with a heterogeneous virus population to those with a homogeneous virus population. The number of subjects contributing to the data and the median interval from the estimated date of infection to the day of viral RNA or CD4
ϩ -T-cell measurement are above each box plot. The thick black line in each box represents the median values for each group; the numbered values are presented beside the lines. Boxes show the interquartile range, the 25th and 75th percentiles of the data, while the whiskers are values 1.5 times the interquartile range above and below the median. ⌷pen circles represent any data outside the whiskers. Comparisons between groups were done with the Mann-Whitney U test.
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To examine whether the difference in viral load persisted over the course of the infection, mean monthly viral levels after 4 months of infection were compared for each group over time. This longitudinal analysis revealed that women infected with a heterogeneous HIV-1 population consistently maintained a higher viral load over the course of follow up than those women infected with a homogeneous HIV-1 population (Fig.  3 ). The HIV-1 level in plasma was 0.27 log 10 copies/ml (95% confidence interval [CI], 0.019 to 0.526, P ϭ 0.04) higher in women with a heterogeneous than in those with a homogeneous virus population over time when a linear mixed-effects model was used. Thus, women with heterogeneous genotypes have a higher viral load during primary infection and maintain this difference over the course of the infection. CD4 ϩ -T-lymphocyte counts were also available for these women, although there were fewer of these measurements than viral RNA level measurements. Women infected with multiple HIV-1 genotypes had a lower absolute CD4
ϩ -T-cell count, measured within 4 to 24 months after infection, than did women infected with a single HIV-1 genotype (median, 416 versus 617 cells/mm 3 ; P ϭ 0.01; Fig. 2B ). Again, the interval from the infection date to the CD4 ϩ -T-cell measurement day was not significantly different in the two groups (median, 422 versus 413 days; P ϭ 0.3, Mann-Whitney U test). Longitudinal analysis revealed a significant difference between the two groups in the time to absolute CD4 ϩ -T-cell count of less than 350 cells/mm 3 , which is often used as a threshold for initiation of antiretroviral therapy (Fig. 4) (36) . The mean time to a CD4 ϩ -T-cell count of less than 350 cells/mm 3 was 39.2 months (95% CI, 30.8 to 47.6) in the women infected with multiple variants compared to 56.8 months (95% CI, 46.0 to 67.7) for the women infected with a single variant.
The interval of time from the date of estimated infection to the day on which the PBMC sample analyzed for viral diversity was collected was not significantly different between the women infected with multiple genotypes (median, 75.5 days; range, 14 to 352) and women with a single genotype (median, 67.0 days; range, 16 to 330; P ϭ 0.1, Mann-Whitney U test). Thus, early viral diversity observed in the women examined in this study was not associated with the amount of time the virus had to evolve and adapt in the host. Given that women with genetically diverse viruses had higher levels of viral RNA even during acute infection, we cannot rule out the possibility that greater viral turnover partially contributed to the diversity found. Previous estimates of the rate of HIV-1 envelope gene diversification of approximately 1% per year (32), however, argues against a significant contribution of de novo diversification in this early window. In addition, studies with the simian immunodeficiency virus model, in which the viral loads are often greater than the HIV-1 infection in humans, suggest that only minor envelope changes accrue in this early interval (11, 27, 29) . Thus, because viral diversity was examined early after infection, rapid diversification is not likely to explain the presence of multiple envelope genotypes, especially since these variants can be detected prior to seroconversion (15) .
In this cohort, we have examined viral diversity early in infection, when there has been limited opportunity for reinfection. These women reported a range of zero to five sexual contacts per week in the interval of time from infection to when we analyzed viral diversity (a median of 71 days), and FIG. 3 . Mean viral loads of women infected with a heterogeneous virus population versus those of women with a homogeneous virus population over the course of follow-up. Each symbol represents the mean of the available individual log-transformed viral loads for the women in each group for each month, starting 4 months after infection. In cases in which a woman contributed more than one viral load measurement for a month, an average was used for her results for that month. Loess-smoothed curves were generated with 99% of the mean monthly viral loads with 20 iterations. The number of women in each group with active follow-up over time is shown at the bottom.
FIG. 4. Kaplan-Meier analysis of time to a CD4
ϩ -T-cell count of less than 350 cells/mm 3 . Survival analysis was performed on a subset of women who had at least one CD4
ϩ -T-cell measurement 4 to 24 months after infection. The event, a CD4
ϩ -T-cell count of less than 350/mm 3 , was assumed to have occurred on the date of the clinic visit at which the CD4
ϩ -T-cell count was done. Kaplan-Meier curves and log-rank tests were used for the survival analyses. The numbers of women at risk in both groups are shown at the bottom.
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there was a similar frequency of reported sexual activity and condom use in women in whom a heterogeneous virus was detected versus those in whom we detected only a single variant (data not shown). Thus, in the majority of women in whom a heterogeneous virus was detected near seroconversion, the number of HIV-1 exposures in the time between when they first became infected and when we analyzed viral diversity was considerably less than the approximate 1 in 1,000 episodes of penile-vaginal sexual intercourse that result in HIV-1 acquisition (1) . Together, these data support the findings from our previous phylogenetic analyses of sequences in a subset of women, which demonstrated that the HIV-1 variants detected in women early in infection were transmitted from a single partner (15, 28) . This study demonstrates a strong association between the genetic diversity of the infecting virus population and clinical outcome. Women infected with multiple genotypes had a higher steady-state level of HIV-1 viremia and faster CD4
ϩ -T-cell decline, which are two key surrogate markers of HIV-1 disease progression. The magnitude of these differences is clinically significant, with the mean time to CD4
ϩ -T-cell depletion below 350 cells/mm 3 occurring about 18 months earlier in the group with viral heterogeneity. This cohort has not had a sufficient length of follow-up for evaluation of other end points such as death, but previous studies have demonstrated that the level of viral replication predicts the times to AIDS and death (10, 23) .
Several previous studies have retrospectively examined the rate of viral evolution over the course of infection in relation to the rate of disease progression. These studies have not produced a consistent model perhaps, in part, because only small numbers of selected subjects were evaluated in any given study. Some of these studies have suggested that greater viral replication and faster progression to AIDS are correlated with greater viral diversity (18, 19, 22) , while others have proposed that a stronger immune response and slower disease progression lead to greater genetic complexity (5, 8, 9, 17, 21, 30, 35) . In aggregate, these studies have focused on virus-host factors after primary infection that may influence the generation of viral diversity over time. In essence, they are using the development of diversity either as a measure of immune selection or as a marker of viral replication within the infected individual. Our study addressed a distinct question that focuses on the effect of the genetic diversity of the infecting HIV-1 population in shaping the subsequent virus-host dynamics and the rate of disease progression. This prospective examination of a large number of subjects early after infection indicates that greater genetic complexity in the infecting HIV-1 population leads to a decreased ability to control viral replication that can be detected early in acute infection and over the course of the disease.
The nature of the selective bottleneck that determines the genetic diversity of the transmitted HIV-1 strain is unknown, but it is likely that this bottleneck prevents the majority of the highly adapted viral variants in a chronic carrier from establishing an infection within the new host. These selective bottlenecks represent fitness losses, and therefore, this may decrease the replication capacity of the infecting virus population (24, 37) . Studies with the simian immunodeficiency virus model have shown that both the level of virus replication and disease progression are dependent on the properties of the infecting virus (14) . Therefore, the less restrictive selective barrier in the women with early viral heterogeneity may increase the likelihood of acquiring more pathogenic HIV-1 variants. These studies indicate that the genetic complexity of the transmitted virus population is important in determining the subsequent course of HIV-1 disease.
